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A  limited  amount  of  thermodynamic  data  has  been 
published  for  fluorinated  hydrocarbons  and  some  of  this 
contains  a  high  degree  of  uncertainty.   It  is  therefore 
difficult  to  make  reasonable  estimates  of  the  heats  of 
formation  of  even  relatively  simple  fluorinated  hydrocar- 
bons.  In  this  work,  molecules  which  would  provide  rela- 
tive thermodynamic  data  on  specific  effects  of  fluorine 
were  synthesized  and  isomerized. 

From  the  literature  AH° ' s  for  f luoroethane ,  and  1,1- 
difluoroethane,  and  1 , 1 , 1-trif luoroethane ,  the  following 
group  values  were  estimated:   [C-H  FC]  =  -52.7,  [C-HF„C] 
-108.6,  and  [C-F^C]  =  -167.   These  group  values  and  the 
following  Cope  rearrangements,  allow  one  to  estimate 


group  values  containing  allylic  fluorine.   3-Dif luoro-1 ,5- 
hexadiene  rearranged  to  cis-7 , 7-dif luoro-1 ,5-heptadiene 
(AH  =  0.563  kcal/raole)  and  to  trans-7 , 7-dif luoro-1 , 5- 
dif luoro-1, 5-heptadiene  (AH  =  -0.80  kcal/mole).   3-Tri- 
fluoromethyl-l,5-hexadiene  rearranged  to  cis-7 , 7 , 7-tri- 
fluoro-1, 5-heptadiene  (AH  =  1.47  kcal/mole)  and  trans- 
7, 7, 7-trif luoro-1, 5-heptadiene  (AH  =  -0.23  kcal/mole). 
The  following  group  values  and  cis  corrections  were 
estimated:   [C-H^FC^^]  =  -52.2,  [C-HF2C  ]  =  -107.6, 
[C-FgCj^]  =  -166.0,  cis  correction  (CHF2  cis  to  CH2 )  = 
1.37,  and  cis  correction  (CF^  cis  to  CH„ )  =  1.63 

From  the  above  group  values  and  the  iodine  catalyzed 
isomerization  of  3-f luoropropene  and  3 , 3-dif luoropropene , 
one  can  estimate  the  group  values  for  vinylic  fluorines. 
3-Fluoropropene  was  isomerized  to  trans-1-f luoropropene 
(AH  =  -2,68  kcal/mole)  and  to  cis-l-f luoropropene  (AH  = 
-3.34  kcal/mole).   3 , 3-Dif luoropropene  was  isomerized  to 
1,1-dif luoropropene  (AH  =  2.5  kcal/mole).   The  following 
group  values  and  cis  corrections  were  estimated:   [C  -HF] 
-38.4,  [C-Q-F^]    =  -88.0,  and  cis  correction  (F  cis  to  CH„) 
-0.64. 

The  Cope  rearrangement  of  1 , 1-dif luoro-1 , 5-hexadiene 
to  3,3-dif luoro-1 , 5-hexadiene  yielded  the  following 
kinetic  parameters:   E^  =  33.0  kcal/mole,  log  A  =  10.8 
sec"  ,  and  S*  =  -12.2  e.u.   AH  for  this  reaction  was 


estimated  to  be  -5.1  kcal/mole  and  the  following  group 
values  were  estimated:   [C-F2CCj^]  =  -103.9  and  [C-F^C^; 


-104.9. 


CHAPTER  I 
INTRODUCTION 


Fluorine  produces  some  unique  effects  when  it 
is  used  as  a  substituent  in  hydrocarbon  systems.   These 
effects  arise  from  three  factors.   Fluorine  is  a  second 
period  element,  fluorine  is  the  most  electronegative  of 
the  elements,  and  fluorine  has  three  pairs  of  nonbonding 
electrons.   The  interaction  of  these  three  factors  is 
demonstrated  by  fluorine's  effects  upon  reaction  inter- 
mediates. 

The  electronegativity  of  fluorine  gives  rise  to  in- 
ductive electron  withdrawal  towards  fluorine  and  away  from 
carbon.   Fluorine  substitution  beta  to  a  carbanion  is 
stabilizing  and  fluorine  substitution  beta  to  a  carbonium 
ion  is  destabilizing. 

F  F 


C C"^ 


Fluorine  bound  directly  to  a  carbonium  ion  destabilizes 
the  electron  deficient  center  by  inductive  effects.   How- 
ever, fluorine  also  uses  its  nonbonding  electrons  to 
stabilize  the  carbonium  ion  by  resonance.   The  resonance 
effect  predominates,  with  the  net  effect  being  stabili- 
zation. 


C"^ y    F    ^ ->    C~F"^ 

When  fluorine  is  attached  to  a  carbanion,  the  sigma 
withdrawing  effect  is  stabilizing.   But  electron  repul- 
sions between  filled  p  orbitals  on  fluorine  and  carbon 
are  destabilizing.   Depending  upon  the  geometry  of  the 
system,  fluorine  can  be  either  mildly  stabilizing  or 
destabilizing. 


^  F 


C-F  Bonding 
The  bonding  between  carbon  and  fluorine  changes  as  the 
number  of  fluorines  bonded  to  the  same  carbon  increases. 
Upon  successive  f luorinat ion ,  the  C-F  bond  is  shortened 
and  becomes  stronger.   In  addition,  the  AH°  is  also  lowered. 


3  4 

i        AH°  kcal/mole 

-55.9 
-108.9 
-167.0 
-223.4 


Several  explanations  for  this  effect  have  been  pro- 
posed, all  of  which  use  systematic  changes  in  the  bonding 
to  explain  these  effects.   Pauling  proposed  double-bond 
no-bond  resonance  structures  to  account  for  the  shortening 


r(C-F)  P 

p_ 

(C 

-F)  kc 

CH3F 

1.385 

108.8 

CH2F2 

1.358 

122.0 

CHF3 

1.332 

128.0 

CF, 

1.317 

129.7 

and  increased  strength  of  the  C-F  bonds.    For  fluoro- 
methane,  no  double-bond  no-bond  resonance  structure  would 
exist.   Therefore,  its  C-F  bond  distance  would  be  the 
longest.   Upon  successive  f luorinat ion ,  more  resonance 
structures  can  be  drawn  and  the  C-F  bond  distance  should 
decrease.   Ab  initio  calculations  (4-31G)  support  this 

description.   In  a  molecular  orbital  approach  a  p  orbital 

6  7 
on  fluorine  is  mixed  with  an  acceptor  sigraa  C-F  bond.  ' 


F  < y      H- 


8  9 

Bent   and  Bernett   use  a  hybridized  atomic  orbital 

scheme  to  explain  the  C-F  bonding.   Since  the  fluorine  is 
very  electronegative,  the  carbon  atom  uses  more  p  charac- 
ter in  the  C-F  bond.   As  more  fluorines  are  bound  to  the 
same  carbon,  there  would  be  less  p  character  available 
for  each  fluorine.   The  p  character  in  the  C-F  bond  in- 


3.25. 


3.18 


CHF, 


creases  in  the  series  CH^  (sp  '   ),  CHgFg  (sp     ),  v....  ^ 

3  10  3   Cj 

(sp  '   )  and  CF^  ( sp  )."   This  approach  also  explains 

the  bond  angles  in  dif luoromethane ,  ZFCF  (108.3°)  and 

ZHCH  (111.9°).    As  the  p  character  of  the  C-F  bond  is 

increased,  the  angle  between  the  fluorines  will  shrink. 


Since  the  C-H  bonds  contain  more  s  character,  the  angle 
between  the  hydrogens  should  increase. 

Fluorine  Effects  on  C-C  Bonds 
Fluorination  changes  the  strength  of  C-C  bonds.   The 
dissociation  energy  of  the  C-C  bond  in  ethane  is  88.4 
kcal/mole,  for  hexaf luoroethane  is  98.4  kcal/mole,  and  for 
1,1 ,1-trif luoroethane  is  101.2  kcal/mole.     The  fluorines 
strengthen  the  C-C  bond  by  10  kcal/mole  and  12.8  kcal/ 
mole,  respectively. 

The  bond  strengthening  effects  of  fluorine  are  seen 
in  the  pyrolysis  of  fluorinated  cyclobutanes .   The  activa- 
tion energy  for  this  process  involves  breaking  two  carbon- 
carbon  bonds.   Upon  increased  fluorine  content  the  activa- 
tion energy  increased. 

log  A(sec   )  E  (kcal/mole)  ref. 
I   I   ->  2  H2C-CH2  15.6  62.5        11 

^2 
I   I   ->  H^C  =  CH2  +  H2C- CF2     15.61  67.2        12 

^2 
I       I      ->    2    H2C=CF2  15.35  69.8  13 

^2 

^2 
I       I      ->   H2C=CH2+    F2C=CF2  15.27  73.6  13 

^2 
F  F 

2r— 1  2 

I I      ->    2    F2C=CF2  15.97  74.2  14 

F  F 

2  2 


Carbon-Carbon  Double  Bonds 
Carbon-carbon  double  bonds  undergo  a  contraction  in 
length  upon  successive  f luorinat ion .   The  addition  of  the 
first  fluorine  has  little  effect  on  the  carbon-carbon 
bond  length.   However,  for  1 , 1-dif luoroethene ,  there  is 
a  pi  bond  shortening  of  0.018  A.   An  interesting  feature 
of  this  molecule,  and  tetraf luoroethene ,  is  the  FCF  bond 
angle.   Bernett   rationalized  this  effect  by  invoking 
hybridization  effects.   The  C-F  bonds  are  essentially  sp^ 
hybridized.   This  leaves  an  sp  orbital  for  the  sigma 
bond  and  a  p  orbital  for  the  pi  bond. 


H2C-^CH2 

15 

HFC=CH^ 

16 

F2C=CH2 

17 

F^C^CF^' 

r(C-C) 

A 

1.337 

1.333 

1.315 

1.311 

r(C-F) 

A 

1.348 

1.323 

1.319 

zHCH 

120.8° 

120.4° 

121.8° 

^HCF 

115.4° 

ZFCF 

109.3° 

112.5° 

From  the  distortions  produced  by  the  fluorines  on 


e 


would  expect  that  the  double  bond  would  be  weakened.  Pickard 
and  Rodgers^^  using  D°  (H2C -CH^  > -DH"  (CH3CH2-H)-DH°  (.CH2CH2-H), 
calculated  the  pi  dissociation  energy  for  tetraf luoroethene 
(52.5  kcal/mole),  1 , 1-dif luoroethene  (62.5  kcal/mole), 
and  ethene  (59.0  kcal/mole),  dif luoroethene  being  3.5  kcal/ 
mole  more  stable  than  ethene.   However,  the  hydrogenat ion 


of  dif luoroethene  is  4  kcal/mole  more  exothermic  than 

20 
ethylene.     So  even  though  the  pi  bond  is  not  destabi- 
lized by  the  geminal  fluorines,  there  is  a  thermodynamic 
advantage  for  the  saturated  fluorocarbon  system  over  the 
hydrocarbon  system. 


I.P.(eV)  Ref , 

H2C=CH2  10.51  21 

H2C=^CHF  10.56  21 

H2C=CF2  10.69  21 

F2C==CF2  10.56  21 

CH2CH=-CH2  9.86  22 

FCH2CH=CH2  10.60  23 


Photoelectron  spectrums  for  few  f luorocarbons  have 
been  determined.   The  effect  of  one  or  two  fluorines  on 
a  pi  molecular  orbital  is  not  large.   Vinylic  fluorine 
is  both  a  sigma  withdrawer,  which  lowers  both  sigma  and 
pi  molecular  orbitals,  and  a  pi  donator,  which  raises  the 
pi  energy  level.   Vinylic  fluorine  has  a  small  effect  on 
the  pi  orbitals  and  a  large  effect  on  the  sigma  orbitals. 
This  has  been  termed  the  perfluoro  effect.     The  effect 
of  one  allylic  fluorine  is  much  more  dramatic,  18  times 
the  magnitude  of  the  effect  of  one  vinylic  fluorine. 


Cis  and  Gauche  Effects 

In  1-f luoropropane ,  the  gauche  conformation  is  favored 

25 
by  0.47  kcal/mole  over  the  trans  conformation.     The 

same  type  of  effect  is  seen  for  1-f luoropropene ,  where  the 

cis  isomer  is  0.75  kcal/mole  more  stable  than  the  trans 

26 
isomer.     A.  Liberies,  A.  Greenberg,  and  J.  E.  Eilers 

discuss  these  effects  in  terms  of  bonding  between  the 

27 
methyl  and  fluorine. 

R.  C.  Bingham  proposed  conjugative  destabilization 

28 
effects  to  explain  the  cis  and  gauche  effects.     His 

reasoning  follows.   Electrons  delocalize  preferentially  in 
straight  lines.   Therefore,  two  substituents  interact 
stronger  when  they  are  trans  to  each  other.   For  1- 
f luoropropene ,  the  fluorine  is  a  pi  donor.   If  the  methyl 
group  had  an  acceptor  orbital  to  interact  with  the  pi  bond, 
then  the  trans  isomer  would  be  stabilized  relative  to  the 
cis  isomer.   However,  since  the  methyl  group  has  no  suit- 
able acceptor  component,  then  the  situation  is  governed 
by  filled  orbital-orbital  interactions.   The  cis  isomer 
minimizes  these  destabilizat ions .   The  author  uses  an  analo- 
gous explanation  to  explain  the  gauche  effect. 

Isomerizations  Involving  Fluorine 
The  classic  experiment  demonstrating  the  unusual 
effects  of  fluorine  was  the  thermolysis  of  perf luorocyclo- 
butene,  2^.   When  cyclobutene,  1,  was  heated  it  opened 


quantitatively  to  1 , 3-butadiene.   The  AH  for  this  reaction 
was  calculated  from  standard  heats  of  formation. ^^ 


n 


AH  =  -8  kcal/mole 


When  2  was  heated,  E.  W.  Schalag  and  W.  B.  Peatman 

found  that  the  cyclic  compound  was  now  enthalpicly  favored 

30 
over  the  open  form,  3.     The  enthalpic  difference  between 

the  two  reactions  is  20  kcal/mole.   The  authors  cited 
two  possible  major  driving  forces  involved  in  this  equi- 
librium. One,  the  transformation  of  two  sp^  hybridized 


rU It 


■^^ 


AH  =  11.7  kcal/mole 


difluoromethylene  groups  to  sp^  hybridized  and  two,  the 
transformation  of  two  -CF=CF2  units  into  a  more  stable 
saturated  situation. 

H.  M.  Frey,  R.  G.  Hopkins,  and  I.  C.  Vinall  studied 
the  opening  of  3 , 3 , 4 , 4-tetraf luorocyclobutene,  4  to 
1,1, 4, 4-tetrafluoro-l, 3-butadiene,  S."^-""   4  opens  to  5 


with  no  detectable  amount  of  4  left. 


D 


^ 

k 


If  the  rehybridization  of  the  two  dif luoromethylene  groups 
was  the  major  driving  force,  then  the  AH  for  4-^-5  should 
have  been  very  similar  to  the  AH  for  2  ^  ^.   This  was  not 
the  case.   The  two  fluorines  in  the  one  and  two  positions 
on  3^  exert  a  large  effect  on  the  relative  stabilities  of 
the  closed  and  open  compounds.   Therefore,  the  major 
driving  force  in  the  closure  of  3  to  2  was  the  elimination 
of  the  two  highly  destabilized  -CF=-CF2  units. 

J.  P.  Chesick  studied  the  equilibrium  involving 

decaf luoro-1 ,2-dimethylcyclobutene ,  6,  and  decaf luoro- 

29 
2 ,3-dimethyl-l ,3-butadiene,  7.     The  trif luoromethyl 

substituent  destabilizes  the  carbon-carbon  double  bond  as 

does  fluorine,  but  to  a  lesser  extent. 


C^s.^ ,^2  C^ 


CF. 


D'2. 


3n^ 


CF-^ 


AH  =  0.4  kcal/mole 


Thermodynamic  Preference  of  One  Fluorine 

Paul  I.  Abell  and  Paul  K.  Adolf  isomerized  allyl 

26 
halides  with  hydrogen  bromide  and  light. 


10 


.^^X/^     ^=^     "\^^ 


*     ^v 


AH(kcal/mole) 
-4.15±0.01 


"v 


^^^:>^nr      ^=i     Br^_/ 


Br 


\ 


+  \  -0.7±0.1 


/^=\  ^      .  F 


F  -^ , / 

/ 0.75±0.03 


"""         ^"^  / 0.7610.03 


/  Br        ^ / 

/  0.73±0.03 

For  all  three  halogens,  the  vinylic  isomer  was  found 
to  be  more  stable.   This  is  quite  a  contrast  to  the 

fluorinated  cyclobutene-butadiene  systems  in  which  fluorine 

3 
prefers  to  be  on  an  sp   hybridized  carbon.   In  addition 

for  the  vinyl  halogens,  the  cis  isomer  was  found  to  be 

more  stable  than  the  trans  form,  an  example  of  the  cis 

effect . 

In  1973,  in  a  paper  on  the  iodine  catalyzed  isomeriza- 

32 
tion  of  allyl  chloride,    Alfassi,  Golden  and  Benson  conmented 

that  the  enthalpy  and  entropy  values  obtained  by  Abell  and 

Adolf  were  high.   From  the  heats  of  formation  of  1-fluoro- 

propene  and  3-f luoropropene ,  Alfassi,  Golden  and  Benson 


11 

calculated  enthalpy  values  for  the  isomerizat ions  listed 
below. 


AH  =  -2.2  ±  0.4  kcal/mole 


\ /    AH  =  -2.9  ±  0.5  kcal/mole 


Thermodynamic  Preference  of  Geminal  Fluorines 
The  thermodynamic  preference  of  geminal  fluorines  is 
not  as  well  verified  as  the  effect  of  a  single  fluorine. 
4  opens  quantitatively  to  5  when  heated."^"""   Since  no  equili- 
brium was  observed,  no  information  about  geminal  substi- 
tution was  obtained. 

Another  isomerization  involving  geminal  fluorines  was  the 
thermolysis  of  6-dif  luoromethylenebicyclo  (3.  2  .  0)heptene  8  .  "^"^ 


10 


11 


12 


8  opens  to  diradical  9.   Closure  to  11  relieves  13.5  kcal/ 
mole  of  strain  energy  and  was  the  major  closure  pathway. 
However,  9  can  close  to  10,  where  the  geminal  fluorines 
are  now  allylic. 

Another  isomerization  involving  changing  a  vinyl 
dif luoromethylene  group  to  an  allylic  position  was  the 
thermolysis  of  dif luoromethylenecyclobutane ,  12.     12 
rearranges  to  13  with  no  observable  equilibrium.   Once 
again,  the  geminal  fluorines  prefer  to  be  allylic  rather 
than  vinylic. 


^'2 


^ 


12 


13 


From  the  preceding  discussion  it  is  obvious  that 
there  is  a  real  need  for  further  study  of  the  effects  of 
geminal  fluorines  since  there  exists  no  quantitative  work  on 
this  subject. 


Goals  and  Methods 
The  object  of  this  work  is  to  design,  synthesize  and 
isomerize  appropriately  fluorinated  molecules  that  will 
yield  information  about  the  thermodynamic  preference  of 
fluorine.   The  two  systems  used  are  Cope  reactions  and 
iodine  catalyzed  propene  isomerizat ions . 


13 


The  Cope  rearrangement  of  1 , 5-hexadienes  has  been 
established  to  proceed  by  a  unimolecular  route.   The 

transition  state  involves  a  six-membered  chair  conforma- 

35 
tion.     These  reactions  typically  have 


an  activation  energy  in  the  range  of  25-35  kcal/mole. 
Since  this  is  a  comparably  low  activation  energy  process, 
the  number  of  annoying  side  reactions  should  be  limited, 
especially  the  loss  of  hydrogen  fluoride. 

Reactions  of  interest  are  those  that  change  a  carbon, 
to  which  one  or  two  fluorines  are  bound,  from  sp   to  sp 


hybridization. 


C-  C' 


C-  -'C 


Also  of  importance  would  be  equilibria  involving 
substituents  that  change  from  allylic  to  alkyl.   These 
equilibria  can  be  directly 


14 


CF  H„ 
n  3-n 


CF  H„ 

n  3-n      H 


1,2,3 


compared  to  the  work  of  H.  M.  Frey  and  R.  K.  Solly,  who 
measured  the  entropy  for  the  1 , 5-heptadiene  to  3-methyl- 


1 ,5-hexadiene  equilibrium 


35 


AH(kcal/mole)    AS(e.u.) 


1.28  ±  0.06    -0.51  ±  0.06 


0.51  ±  0.03    -0.60  ±  0.06 


0.76  ±  0.05    0.07  ±  0.09 


The  second  series  of  equilibria  pertinent  to  this 
study  would  be  the  iodine  catalyzed  propane  isomeriza- 

tions.   This  method  was  used  for  the  isomerizat ion  of 

37  32 

butene    and  chloropropene .     The  mechanism  that  was 

proposed  is  outlined  below,  where  HX  is  chloropropene  or 

hydrogen  iodide. 


15 


->  21 


I-  +  CI 


HI  +   CI 


+  HX 


+  X' 


The  major  side  product  was  the  loss  of  chlorine  to 
form  propene.   When  the  rate  of  propene  formation  was 
competitive  with  the  allyl  isomerization ,  the  equilibrium 
constant  measured  would  not  have  been  the  correct  value. 
However,  the  authors  noted  that  as  the  temperature 


CI 


was  increased,  the  rate  of  propene  formation  decreased 
relative  to  the  rate  of  isomerization  reactions.   There- 
fore, the  utility  of  this  reaction  lies  in  the  temperature 
range  of  approximately  300°  to  400°. 

Systems  relevant  to  this  work  would  be  the  iodine 
catalyzed  isomerization  to  f luoropropene  and  1 , 1-dif luoro- 
propene . 


16 


\ 


CF2H-CH=CH2   :^=^  CF2=CH-CH3 


CHAPTER  II 
RESULTS 


All  of  the  compounds  which  are  discussed  in  this 
section,  unless  otherwise  noted,  have  not  heretofore  been 
mentioned  in  the  literature. 

3-Fluoro-l ,5-hexadiene 

3-Fluoro-l,5-hexadiene ,  16,  was  synthesized  in  a  one 

step  process  with  a  yield  of  25%,  from  1 ,5-hexadien-3-ol . 

Diethylaminosulfur  trifluoride  (DAST)  replaced  the  -OH 

38 


with  a  single  fluorine. 


H(2) 


DAST 


-> 


16 


H(4) 


The  two  bond  HE  coupling  was  48  Hz  (figure  1).   The 
fluorine  was  also  split  by  H(4)  and  H(2),  along  with  some 
longer  range  minor  coupling.   Only  the  upfield  leg  of 
the  signal  for  H(3)  was  visible  as  a  quartet  (figure  2). 
The  downfield  leg  was  buried  in  the  vinyl  region.   H  NMR 
and  IR  (figure  3)  both  confirm  the  presence  of  the  terminal 
double  bonds. 


17 


18 

Thermolysis  of  16  at  160°  resulted  in  its  conversion 
to  1 , 3 ,5-hexatriene,  by  loss  of  hydrogen  fluoride.   The 
1 , 3 , 5-hexatriene  was  also  in  equilibrium  with  1,3- 
cyclohexadiene . 


1 , 1-Dif luoro-1 , 5-hexadiene 

1 , 1-Dif  luoro-1 ,  5-hexadiene  ,  ]/7  was  prepared  in  a  9.5% 

39 
yield  from  4-pentenal    via  the  Wittig-type  procedure  of 

Naae  and  Burton. 


H(2) 


+  CF2P(N(CH3)2)3 


17 


-> 


19 

The  geminal  fluorines  in  17  appeared  in  the    F  NMR 

(figure  4)  as  an  ABX  pattern.   The  trans  HF  coupling  was 
20  Hz  and  the  cis  HF  coupling  was  less  than  1  Hz.   H(2) 
was  shifted  upfield  1  ppm  by  the  trans  fluorine  (figure  5), 
H(2)  appeared  as  a  doublet  of  a  triplet.   This  was  further 
split  by  the  cis  fluorine.   Both   H  NMR  and  IR  (figure  6) 
showed  the  presence  of  a  terminal  double  bond.   Also  seen 
in  the  IR  was  the  strong  C^CFp  absorption  at  1750  cm 

When  17  was  heated  it  rearranged  to  3 ,3-dif luoro- 
1 , 5-hexadiene ,  1^,  which  was  identified  by  its  IR  (figure 
9),  "'•^F  NMR  (figure  7),  ■''H  NMR  (figure  8),  and  mass 
spectrum. 


19 


17 


18 


The  geminal  fluorines  in  18  occurred  in  the    F  NMR 
as  a  triplet,  that  was  doubled  by  a  three  bond  coupling 
to  the  vinylic  hydrogen.   The  IR  spectrum  exhibited  an 
absorbance  due  to  the  terminal  vinyl  groups  at  1650  cm""*", 

Thermolysis  of  17  at  six  different  temperatures  be- 
tween 194.3°  and  214.6°  generates  the  data  presented  in 
table  1  and  the  rate  constants  listed  below  and  in  table 
2.   At  194.3°,  due  to  the  slow  rate  of  isomerization  of 
rz  to  1^,  the  equilibrium  had  not  been  reached.   There- 
fore excluding  the  data  at  194.3°,  a  AG    of -5.1  +  0.3 

avg 

kcal/mole  was  calculated  at  an  average  temperature  of 
206.6°. 


E^  =  33.0  ±  0.7  kcal/mole 

ci 


log  A  =  10.8  ±  0.3  sec 
AS^"  =  -12.2  G.u. 


-1 


7,7-Dif luoro-1 , 5-heptadiene 
7,7-Dif luoro-1 ,5-heptadiene ,  21,  was  synthesized  by  the 
following  route. 


20 


+  CF^Br^ 


19 


KOH 


20t 


CF2Br 


20c 


H(5)   H(6) 
H(4)  }=^ 
-^     H(4)^       CF2H(7) 

21c 


H(5) 


CF2H(7) 


H(6) 


21t 


Radical  addition  of  dif luorodibromomethane  to 
hexadiene  yielded  5 , 7-dibromo-7 ,7-dif luoroheptene ,  19, 
in  277„  yield.   IR  (figure  12)  and  -"-H  NMR  (figure  11) 

show  the  presence  of  a  terminal  vinyl  group.   A  triplet 

19 

in  the    F  NMR  (figure  10)  confirms  the  orientation  of 

the  radical  addition. 

Dehydrohalogenation  of  1^  with  potassium  hydroxide 
afforded  7-bromo-7 , 7-dif luoro-1 , 5-heptadiene ,  20,  in  77% 
yield.   Integration  of  the  ''"^F  NMR  (figure  13)  yielded 
a  cis  to  trans  ratio  of  5:95. 


21 

41 
Tri-n-butyltin  hydride    replaced  the  bromine  in  20 

with  a  hydrogen  to  yield  21  in  42%  yield.   The  IR  (figure  18) 
exhibited  both  an  internal  and  an  external  double  bond 
stretch.   In  the   H  NMR  (figure  17),  a  doublet  was  seen  at 
6.95  ppm,  which  is  one  leg  of  the  signal  for  H(7).   The  re- 
maining two  legs  were  buried  in  the  vinyl  region.   The 
fluorines  in  21c  and  21t  were  split  by  a  geminal  H(7)F 
coupling  of  56.0  Hz  and  59.5  Hz  (figure  16),  respectively. 
Further  splitting  enables  one  to  assign  the  geometry  about 

the  double  bond.   Haszeldine  reported  the  coupling  con- 

42 
stants  for  1,1 ,1-trif luoro-2-butene.     For  21c,  one  would 


CF  ^CH(4)„  CF„  H(3) 

H(2)  H(3)  H(2)  CH(4)3 


'^FH(2)  ^  8.5  Hz  Jpjj^2)  =  6  Hz 

'^FHO)  ^  0  Hz  Jpjj^3^  =  2.6  Hz 

JfH(4)  ^  2.8  Hz  J^^^^^  =  2.1  Hz 


expect  a  Jpjj(g)  of  about  8  Hz  and  each  resulting  leg  would 
be  split  into  a  triplet  by  the  two  H(4)'s.   This  corres- 
ponds to  the  absorption  at  111.4  ppm.   For  21t ,  J^„/^x  was 

r  n(.  b  y 

expected   to   be    about   6   Hz.       If   Jt.„,c:n    and   J-ott/ ^  n    were   both 

FH(5)       FH(4) 

about  2  Hz,  then  one  would  expect  to  see  two  multiplets 
for  21t.   These  multiplets  occur  at  110.3  ppm. 


22 


CF^H 


21c  +  21t 


22 

Heating  21c  and  21t  resulted  in  an  equilibrium 
mixture  of  21c,  21t,  and  3-dif luoromethyl-1 , 5-hexadiene , 
22.   Collection  of  several  runs  and  preparative  glpc 
afforded  22,  which  was  used  without  further  purification, 
The  IR  spectrum  (figure  21)  for  22  exhibited  an  absorb- 
ance  for  a  terminal  vinyl  group  at  1645  cm"   and  no 
internal  double  bond  stretch.   The  geminal  HF  coupling 
was  56.7  Hz  and  the  three  bond  HF  coupling  was  15.1  Hz 
(figure  18). 

22  was  pyrolyzed  at  nine  different  temperatures  be- 
tween 309.9°  and  409.0°.   At  409.0°,  the  equilibrium  was 
established  from  either  a  mixture  of  21c  and  21t  or  22. 
Table  3  contains  the  equilibrium  constants  and  table  4 
contains  the  results  of  the  van't  Hoff  plots,  which  are 
also  listed  below. 


21c  ;;=±  22 

AH  =  -0.563  ±  0.006  kcal/mole 

AS  =  0.733  ±  0.002  e.u. 


23 


21t  - 


22 


AH  =  0.80  ±  0.04  kcal/mole 
AS  =  -0.36  ±  0.02  e.u. 


21t  7 "  21c 

AH  =  1.37  ±  0.04  kcal/mole 
AS  =  -1.09  ±  0.01  e.u. 

7,7,7-Trif luoro-1 , 5-heptadiene 
7,7,7-Trifluoro-l,5-heptadiene,  24,  was  synthesized 
by  a  modification  of  the  procedure  used  by  Haszeldine  to 


synthesize  1,1 , 1-trif luoro-2-butene 


^  CF3I 


42 


24t 


•c 


CF, 


24c 


Radical  addition  of  trif luoromethyl  iodide  to  hexadiene 
afforded  5-iodo-7 , 7 ,7-trif luoro-1-heptene ,  23,  in  60% 
yield.   Both  IR  (figure  24)  and  "'"H  NMR  (figure  23)  show 
the  presence  of  a  terminal  vinyl  group.   The  three 
fluorines  appeared  as  triplet  in  the    F  NMR  (figure  22). 

Dehydrohalogenation  of  23  afforded  24c  and  24t ,  in 
47%  yield.   Assignment  of  cis  and  trans  was  done  by 


24 


analogy  to  the  previously  discussed  compound,  21.   Inte- 

19 
gration  of  the    F  NMR  yields  a  cis  to  trans  ratio  of 

13:87  (figure  25).   In  the  IR  (figure  27),  there  were 

absorptions  due  to  the  internal  and  external  double  bonds. 


CF, 


24c  +  24t 


Thermolysis  of  the  synthetic  mixture  of  24c  and  24t 
gave  rise  to  an  equilibrium  mixture  containing  starting 
materials  plus  3-trif luoromethyl-1 , 5-hexadiene ,  25. 
Several  runs  were  combined  and  25  was  isolated  by  prepara- 


-1 


19, 


the  IR  (figure  30).   In  the    F  NMR  (figure  28),  the 
three  fluorines  appeared  as  a  doublet,  with  a  three  bond 
HF  coupling  of  8.7  Hz. 

25  was  pyrolyzed  at  eight  temperatures  between  321.3° 
and  408.0°.   The  equilibrium  at  408.0°  was  established 
from  either  25  or  the  mixture  of  24c  and  24t .   The  result- 
ing equilibrium  constants  are  listed  in  table  5,  and  the 
results  from  the  van ' t  Hoff  plots  are  listed  in  table  6 
and  are  repeated  below. 


24c  ;^=^  25 

AH  =  -1.47  ±  0.07  kcal/mole 

AS  =  -0.51  ±  0.02  e.u. 


25 

24t  ^=±  25 

AH  =  0.23  ±  0.05  kcal/mole 
AS  -  -1.52  ±  0.02  e.u. 

24t  :^  24c 

AH  =  1.63  ±  0.08  kcal/mole 

AS  =  -1.12  ±  0.02  e.u. 


3-Fluoropropene 
3-Fluoropropene,  26,  was  made  by  the  method  of 
Hoffman.  ^^   The  -'"H  NMR^^,  IR^^,  and  ^^F  NMR"^^  were  con- 
sistent with  the  data  published  in  the  literature. 

KF 

26 


A 


When  26  was  heated  in  the  presence  of  a  catalytic 
amount  of  iodine,  three  products  appeared  in  the  glpc. 
The  product  with  the  shortest  retention  time,  propane,  was 
identified  by  glpc  comparison  with  an  authentic  sample. 
The  remaining  two  products,  cis-l-f luoropropene ,  27c, 
and  trans-1-f luoropropene,  27t ,  were  collected  and  iden- 
tified.  The   H  NMR  and    F  NMR  were  consistent  with  the 


literature  data 


46 


26 


26 


/=\. 


27c 
/I 


27t 


^ 


This  isomerization  probably  follows  a  radical  chain 

process,  as  proposed  by  S.  W.  Benson  for  the  iodine 

32 
catalyzed  isomerization  of  chloropropene .     Thermolysis 

of  the  iodine  yields  iodine  atoms,  which  can  then  abstract 

an  allylic  hydrogen  from  f luoropropene .   In  the  chain 

propagating  step,  the  allylic  radical  abstracts  a  hydrogen 

atom  from  f luoropropene.   The  proposed  mechanism  for  the 

formation  of  propene  was  the  attack  of  the  iodine  atom 

32 

on  the  chlorine    or,  in  this  case,  the  attack  on  the 

fluorine . 

One  problem  inherent  in  this  reaction  was  the  intro- 
duction of  the  iodine  into  the  pyrolysis  vessel.   The 
iodine  was  expanded  from  a  glass  storage  vessel  into  the 
pyrolysis  vessel  and  the  excess  iodine  was  recondensed 
back  into  the  storage  bulb.   The  amount  of  iodine  lost 
was  determined  by  the  difference  in  weight  of  the  storage 
vessel.   Quantitatively,  this  method  was  not  accurate  for 
the  following  reasons.   The  iodine  would  condense  on  the 


27 

coolest  parts  of  the  vacuum  line,  the  teflon  stopcocks. 
This  caused  difficulties  in  recondensing  all  of  the  iodine. 
Another  problem  was  the  solubility  of  the  iodine  in  the 
stopcock  grease,  which  was  used  in  the  glass  joints. 
Due  to  these  difficulties,  it  was  not  possible  to  assess 
the  amount  of  iodine  present  in  the  pyrolysis  vessel. 
Further,  in  each  run  the  amount  of  iodine  added  could 
not  be  reproduced. 

In  each  pyrolysis,  the  rate  of  propene  formation  was 
different  due  to  the  differing  concentrations  of  fluoro- 
propene  and  iodine.   Also,  in  each  run,  the  measured 
equilibrium  constants  were  found  to  be  invariable  over 
the  entire  sampling  time,  no  matter  how  much  propene  was 
present  in  the  reaction  mixture.   Acceptable  equilibrium 
constants  were  measured  for  runs  with  as  little  as  3% 
propene  and  for  runs  with  as  much  as  25%  propene.   At 
312°,  the  bleed  off  to  propene  occurred  at  a  sufficient 
rate  to  effect  the  measured  equilibrium  constants.   In 
four  separate  runs  at  this  temperature,  K^y,  ,pp.  varied 
from  4.60  to  5.29  or  14%  and  K„„  ,„„  varied  from  8.83  to 
10.2  or  15%  (table  7).   At  343.9°,  the  lowest  temperature 
used  in  the  van't  Hoff  plots,  K    /    varied  2%  and 
^27c/26  '^^^i^^  3%,   At  356.0°,  the  deviation  among  the 
four  runs  was  1%  for  ^21t/2Q    ^"*^  ^°^  ^°^  ^27c/26'  ^^^^'^  ^^^^ 
within  the  experimental  error  of  the  integrator. 


28 

26  was  isomerized  with  iodine  at  six  temperatures 
between  343.9°  and  430.3°.   At  430.3°,  the  equilibrium  was 
established  from  26  and  the  mixture  of  27c  and  27t.   The 
resulting  equilibrium  values  are  listed  in  table  7  and 
the  results  of  the  van't  Hoff  plots  are  listed  below  and 
in  table  8. 

27t  ^±  27c 

AH  =  -0.64  ±  0.09  kcal/mole 

AS  =  0.30  ±  0.03  e.u. 

26  :^  27c 

AH  =  -3.34  ±  0.07  kcal/mole 

AS  =  -1.39  ±  0.02  e.u. 

26  ^=^  27t 

AH  =  -2.68  ±  0.07  kcal/mole 

AS  =  -1.70  ±  0.02  e.u. 

Dif luoropropene 
The  ""-H  NMR  and  -^^F  NMR  for  3 , 3-dif  luoropropene ,  28, 
have  been  reported  in  the  literature.     However,  its 
synthesis  has  not  been  reported.   ^  was  synthesized, 
in  34%  yield,  in  a  one-step  procedure  from  acrolein. 
DAST  replaced  the  carbonyl  oxygen  with  two  fluorines. 


29 


DAST 


28 


1,1-Dif luoropropene,  29,  was  prepared  by  the  proced- 

47 
ure  of  S.  J.  Moss  and  K.  R.  Jennings.     1 , 1 , 1-Trif luoro- 

propane  was  dehydrohalogenated  at  700°  to  produce  29  in 

7.5/„  yield,  whose  "'"H  NMR,  "^^F  NMR,  and  IR  matched  the 

data  published  in  the  literature. 


-HF 


'CF, 


^CF, 


29 


Iodine  catalyzed  isomer izat ion  of  28^  resulted  in  an 
equilibrium  mixture  of  28  and  29,  along  with  small  amounts 
of  27c,  27t ,  and  26.   With  long  reaction  times,  a  small 
amount  of  propane  was  also  formed. 


F^C- 


29 


27c 


F 


27t 
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Isomerization  of  2^  with  iodine  was  accomplished  at 
six  temperatures  between  378.3°  and  412.8°  and  the  result- 
ing data  are  listed  in  table  9.   Starting  with  2^  or  29, 
the  equilibrium  at  412.8°  was  established.   The  results 
from  the  van't  Hoff  plot  of  the  data  are  presented  below 
and  in  table  10. 

29  ^:±  28 

AH  =  -2.5  ±  0.1  kcal/mole 

AS  -  -0.38  ±  0.04  e.u. 


CHAPTER  III 
DISCUSSION 


Using  S.  W.  Benson's  empirical  method  for  estimating 
thermochemical  data,  the  heat  of  formation  of  a  compound 
can  be  treated  as  the  siom  of  all  the  groups  contained  in 
the  molecule,  plus  any  corrections  for  ring  strain,  cis 
effects,  gauche  effects,  etc.^^  A  group  is  defined  as 
a  polyvalent  atom,  along  with  its  ligands.   When  defining 
the  group,  the  polyvalent  atom  is  always  listed  first, 
followed  by  its  ligands.   Therefore,  the  group  [C-H„C] 
represents  a  carbon  with  three  hydrogen  and  one  carbon 
ligand.^^ 

Reliable  group  values  for  groups  which  contain  only 
hydrogen  and  carbon  have  been  derived  empirically  using 
thermochemical  data  from  the  literature.  "^^   The  implicit 
error  limits  for  a  heat  of  formation  estimation  is  ±  0.5 
kcal/mole.   From  the  heat  of  formation  of  f luoroethane , ^° 
1,1-difluoroethane,^^  and  1 , 1 , 1-trif  luoroethane  ,^''-  the 
fluoroalkyl  group  values  may  be  estimated  (equations  1, 
2  and  3). 

AH^(CH3CH2F)  =  [C-H3C]  +  [C-H^FC]  =  -62.9  kcal/mole 
[C-H3C]  =  -10.20 
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[C-H^FC]  =  -52.7 


AH°(CH3CHF2)  =  [C-H3C]  +  [C-HF2C]  =  -118.8  kcal/raole 
[C-HF2C]  =  -108.6  2 

AH°(CH3CF3)  =  [C-H3C]  +  [C-F3C]  =  -178.0  kcal/mole 
[C-F3C]  =  -167.8  3 

One  can  use  the  thermochemical  data  from  the  equilibria 
listed  below  to  estimate  the  group  values  for  allylic 
groups  with  one,  two,  or  three  fluorines. 

AH(kcal/mole) 


j^^^CH3 
14t 


p^CH3 
14t 


CH 


15 
14c 


+1.28 


35 


0.51 


35 


21t  22 


0.80 


(^"^^  CF„H 
21t 


CF^H 


21c 


1.37 
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CF3 


24t 


25 


o     ^     c 

24t  24c 


1.63 


For  15,  22,  and  25  a  gauche  correction  must  be  esti- 
mated due  to  the  steric  interactions  between  carbons  three 
and  four.   The  gauche  correction  for  1_5  is  estimated  from 
the  experimental  AH(14t  :?=^  15)  (equation  4).   From  the 
equilibrium  involving  14t  and  14c,  the  cis  correction  is 
estimated  (equation  5). 

gauche  corr.  (1^)  =0.33  4 

cis  corr.  (CHg  cis  to  CE^)    =   0.51  5 

Assuming  a  correlation  between  the  cis  and  gauche 
effects  allows  one  to  estimate  a  gauche  correction  for  22 
and  2^.   Equations  6  and  7  give  the  cis  corrections  for 
difluoromethyl  and  trif luoromethyl  subst ituents . 


cis  corr.  (CHF2  cis  to  CH2)  =  1.37  6 

cis  corr.  (CF^  cis  to  CH2 )  =  1.63  7 


The  cis  corrections  for  the  dif luoromethyl-methylene 
interaction  and  the  trif luoromethyl-methylene  interaction 
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are  2.7  and  3.2  times  greater  than  the  cis  corrections 
for  a  methyl-methylene  interaction,  respectively.   There- 
fore, the  gauche  corrections  for  2^  and  2^  may  be  con- 
sidered to  be  2.7  and  3.2  times  the  gauche  correction  for 
15  (equations  8  and  9). 

gauche  corr.  (22)  =  0.89  8 

gauche  corr.  (25)  =  1.05  9 

The  group  values  for  two  or  three  allylic  fluorines 
may  now  be  estimated  from  the  enthalpy  differences  for  the 
reactions  21t  :;=t  22  and  24t  :;=^  25  and  the  appropriate 
gauche  corrections. 


[C-ET^C^]    -  -107.6  10 

[C-FgCj^]  -  -166.0  11 


The  difference  between  the  alkyl  and  allylic  group 
values  is  the  destabilizat ion  produced  by  the  allylic 
fluorines.   For  dif luoromethyl ,  the  destabil ization  is  1 
or  0.5  per  fluorine.   For  trif luoromethyl ,  the  effect  is 
1.8  or  0.6  per  fluorine.   Therefore,  assuming  that  the 
effect  of  one  fluorine  is  0.5,  the  group  value  for  a  single 
allylic  fluorine  can  be  calculated  (equation  12). 


[C-H^FCp]  =  -52.2  12 
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From  AH(26  :^=±  27t)  and  equation  12,  the  group  value 
for  one  vinylic  fluorine  substituent  may  be  estimated 
(equation  13) . 

CH2=  CHCH2F  =i  CHgCH"  CHF         AH  =  -2.68  kcal/mole 
26  27t 


[Cj^-HF]  =  -38.4  13 


The  cis  isomer,  27c,  is  thermodynamically  more  stable 
than  the  trans  isomer,  27t.  Therefore,  the  cis  correction 
is  negative  (equation  14). 


cis  corr.  (F  cis  to  CHo)  =  -0.64  14 


Using  AH(28::?=t  29)  ,  the  group  value  for  geminal 
vinylic  fluorines  may  be  estimated  (equation  15).   In  this 
calculation,  the  cis  correction  for  29  and  27c  is  assumed 
to  be  the  same. 

CH2=CHCHF2^F=^CH3CH  =  CF2  AH  =  2.5  kcal/mole 

28  29 


[CJ3-F2]  =  -88.0  15 
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The  group  value  [C-F^CCj^]  can  be  estimated  from  the 
equilibrium  involving  17  and  18.   This  system  was  too  one- 
sided to  obtain  a  good  van't  Hoff  plot.   An  average  AG  of 
5.1  ±  0.3  kcal/mole  was  found  at  an  average  temperature 
of  206.6°.   The  geminal  fluorines  had  very  little  entropic 
effect  (AS  =  0.38  e.u.)  on  the  equilibrium  involving  28 
and  29.   Entropy  effects  in  a  substituted  hexadiene  sys- 
tem are  considerably  less  important  than  the  entropy 
effects  in  an  equivalently  substituted  propene  system. 
Therefore,  a  reasonable  estimate  for  the  entropy  is  0.0 
±  0.5  e.u.   For  17:;=±  18  an  enthalpy  of  5.1  ±  0.6  kcal/ 
mole  is  calculated. 


AH  =  -5.1  ±  0.6  kcal/mol« 


Using  the  previously  stated  assumption  that  the  gauche 
and  cis  effects  are  related,  allows  one  to  estimate  a 
gauche  correction  for  18.   The  cis  correction  for  a 
fluorine-methyl  interaction  is  -1.3  times  larger  than  a 
methyl-methylene  cis  interaction,  where  the  negative  sign 
represents  a  stabilizing  fluorine-methyl  interaction. 
Therefore,  the  gauche  correction  for  18  should  be  -1.3 
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times  the  gauche  correction  for  1^.   This  yields  an 
estimated  value  of  -0.41.   Using  this  gauche  correction, 
along  with  the  previously  estimated  group  value  for 
[C-H2FC] ,  allows  one  to  estimate  the  AH° (CH2FCH2CH2)  as 
-68.2  kcal/mole  (-68.3  kcal/mole  literature  value^*^). 

Assuming  two  such  gauche  effects  in  18,  and  using 
the  AH  for  17  ^=:±  18,  one  can  estimate  the  group  value 
for  [C-Y^CC^]    (equation  17). 

gauche  corr.  (18)  =  -0.82  16 

[C-F^CCj^]  =  -103.9  17 

Previously,  it  was  shown  that  a  fluoroalkyl  group 
value  could  be  converted  to  a  f luoroallylic  group  value  by 
estimating  the  destabilization  per  fluorine,  which  was 
estimated  to  be  0.5  per  fluorine.   Assuming  that  the  effect 
is  the  same  whether  the  fluorines  are  on  a  terminal  car- 
bon or  on  an  internal  carbon,  allows  one  to  estimate 
[C-F^C^]  (equation  18). 

[C-F2C2]  =  -104.9  18 

The  group  values  estimated  in  this  work  are  siommarized 
below. 
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Equation 
[C-H2FC]    -   -52.7  1 

(C-HF2C]    =   -108.6  2 

[C-F3C]    =   -167.8  3 

[C-F2C2]    =    -104.9  18 


[C-H2FCJJ]    =    -52.2  12 

[C-HF^Cj^]    =    -107.6  10 

[C-FgCj^]    =    -166.0  11 

[C-F^CCj^]    =   -103.9  17 


[Cj^-HF]    =    -38.4  13 

[CJ5-F2]    =    -88.0  15 


cis  corr.  (CHF2  cis  to  CH2)  =  1.37  6 

cis  corr.  (CF^  cis  to  CE^)    =   1.63  7 

cis  corr.  (F  cis  to  CHo)  =  -0.64  14 


gauche  corr.  (22)  =0.89  8 

gauche  corr.  (25)  =  1.05  9 

gauche  corr.  (1^)  =  -0.82  16 

There  are  but  a  handful  of  experimentally  determined 
AH°'s  with  which  to  test  the  efficacy  of  these  group  values. 
In  the  table  below,  it  can  be  seen  that  the  experimentally 
determined  AH°'s  and  the  AH° ' s  estimated  using  group  values, 
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determined  in  this  work,  are  in  much  better  agreement  than 
the  AH°'s  estimated  using  S.  W.  Benson's  fluorine  containing 
group  values.      The   estimated   AHJ   for   trif luoromethylbenzene 


AH°    (kcal/mole)^^      AH°    (kcal/mole)      AH°    (kcal/ 

"^ mole) 

experimental 

FCH2CH2CH3     -68.3  ±  0.5 

CH2=CHF       -33.2  ±0.4 

CH2=CF2       -80.1  ±0.8 

CFgCH-CHg  -146.8  ±1.6 

CFgCgHg  -143.2  ±  0.2 

CHF=CF2  -117    ±  2 

CF2=CF2  -157.9  ±  0.4 

Estimated  using  group  values  derived  in  this  work. 

Estimated  using  S.  W.  Benson's  fluorine  containing  group 
values. ^^ 


is  in  good  agreement  with  the  experimentally  determined 
value.   However,  for  3 ,3 ,3-trif luoropropene,  there  is  a 
6  kcal/mole  discrepancy  between  the  experimental  and 
estimated  AH°.   This  discrepancy  may  well  be  due  to  the 
experimental  AH°  for  3 ,3 , 3- trif luoropropene.   However, 
it  cannot  be  ruled  out  that  the  experimental  AH°  for  both 
trifluorobenzene  and  trif luoroethane  are  in  error  and  the 
error  is  of  the  same  size  sign  and  magnitude. 


estimated 

estimated 

-68.2 

-66.6 

-32.1 

-31.3 

-81.7 

-71.2 

-152.8 

-144.0 

-126.4 

-176.0 

40 

Trif luoroethene  and  tetraf luoroethene  demonstrate 
the  fallacy  of  using  these  group  values  in  molecules  where 
fluorine  is  contained  in  adjacent  groups.   There  is  a 
destabilizing  effect  across  the  double  bond  that  raises 
the  experimentally  derived  heats  of  formation.   Alfassi 
et  al.  also  discussed  this  problem,  but  in  relation  to 
trichloroethene  and  tetrachloroethene. ^^ 

A  disproportion  reaction  is  a  hypothetical  reaction 
in  which  a  reorganization  of  structure  occurs,  but  with 
no  net  change  in  the  number  or  types  of  bonds.   In  the 
mono-substituted  compounds  there  would  exist  no  substituent- 
substituent  interactions.   Therefore,  the  mono-substituted 
compounds  are  taken  as  the  molecular  energy  baseline  to 
which  the  geminal  effects  are  to  be  compared. ^^  A  positive 


CH3CHR2  +  CH2CH2  y   CHgCH^R  +  CK3CH2R 


enthalpy  represents  a  stabilizing  geminal  effect  and  a 
negative  enthalpy  represents  a  destabilizing  geminal  effect 

The  geminal  effect  is  slightly  stabilizing  for  methyl 
(equation  19)  and  destabilizing  for  chlorine  (equation  29). 
The  geminal  effect  is  very  stabilizing  for  methoxy  (equa- 
tion 21)  and  alkyl  fluorine  (equation  23).   A  manifesta- 
tion of  this  effect  may  also  be  seen  in  the  fluorinated 
methanes,  where  the  C-F  bond  strength  increases  upon 
adding  the  second  fluorine  to  f luoromethane. ^ '^ ' ^ 


AAH    (kcal/mole) 

2.3 

19 

-3.0 

20 

9.8 

21 

13.4 

22 

13.2 

23 
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CH2CH(CHg)2  +  CH3CH2  ->  2  CH3CH2CH3 
CH3CHCI2  +  CH3CH3  -y   2  CH3CH2CI 
CH3CH(OCH3)2  +  CH3CH3  ^  2  CH3CH2OCH3 
CH3CHF2  +  CH3CH3  -y   2   CH3CH2F 
CH2=CHCHF2+  CH2=CHCH3  ^  2  CH2=  CHCH2F 


Disproport ional  reactions  can  also  be  used  to  evaluate 

53 

the  geminal  stabilization  for  vinylic  substituents.     The 

geminal  methyl  groups  exhibit  very  little  geminal  stabili- 
zation (equation  24).   The  geminal  fluorine  and  chlorine 
substituents  are  about  equally  stabilizing.   However,  8.4 
kcal/mole  of  geminal  stabilization  is  lost  when  the  geminal 

AAH  (kcal/mole) 

CH2  =  C(CH3)2+  CH2=CH2->  2  CH2=  CHCH3  1.2  24 

CH2=CCl2+  CH2=CH2^  2  CH2=CHC1  4.8  25 

CH2=CF2+  CH2=CH2-^  2  CH2=  CHF  5.0  26 


fluorines  are  changed  from  alkyl  to  vinylic.   This  loss  of 
geminal  stabilization  has  been  rationalized  by  invoking 
double-bond  no-bond  resonance  structures.   The  two  resonance 

forms  for  1 , 1-dif luoroethene  would  not  be  expected  to  contri- 
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bute  much  to  the  overall  stability  of  the  compound.     The 

reason  why  the  alkyl  geminal  chlorines  exhibit  no  geminal 
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CHg  —  C  —  F  ^ >   CHg  —  C^  —  F  ^— >  CHg  —  C  ^  F"^ 


.F  F  F 

CH„=C     ^ ^   CH„=C^      ^ ^   CH„=C 

F  ^F  F 


stabilization  and  the  allylic  geminal  chlorines  exhibit 
some  geminal  stabilization  has  not  been  discussed  in  the 
literature  and  is  not  apparent  to  the  author. 

Isodesmic  equations  such  as  27  through  29  have  been 
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used  to  assess  the  effect  of  a  substituent  upon  a  double  bond. 

In  equation  27,  there  is  no  net  gain  or  loss  of  atoms.   How- 

2    2 
ever,  it  does  compare  the  strength  of  a  sp  -sp   sigma 

bond  and  a  p-p  pi  bond  on  the  left  hand  side  to  two 

3    3 

sp  -sp   sigma  bonds  on  the  right.   Therefore,  this  type 

of  hypothetical  reaction  gives  an  estimate  of  the  double 


AAH  (kcal/mole) 
CH2=CH2+  2  CHgCHg  ^  2  CH2CH2CH3  -22.3      27 

CH3CH==CH2  +  2  CH^CH^  ^  CH3CH2CH2  + 

CH3CH(CH3)CH3  -21.4      28 

CH3CH-CHCH3 +  2  CH3CH3  ^  2  CH3CH(CH3)CH3      -21.2      29 
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bond  strength.   Hydrogen  is  taken  as  providing  zero  sta- 
bilization.  Therefore,  if  the  isodesmic  equation  for  a 
substituted  ethene  is  more  exothermic  than  -22.3  kcal/mole, 
then  the  substituent  is  said  to  be  destabilizing  relative 
to  a  hydrogen.   A  AAH  greater  than  -22.3  kcal/mole  implies 
stabilization.   One  or  two  methyl  groups  are  slightly 
stabilizing  (equations  28  and  29).   However,  chlorine  and 
bromine  are  clearly  destabilizing  relative  to  hydrogen 
(equations  30  and  31). 


AAH  (kcal/mole) 


CH2=CHC1+  2  CH3CH3  ^  CH3CH2CH3  + 


CH2==CHBr  +  2  CH3CH3  ->  CH3CH2CH3  + 


CH3CHCICH3  -28.4  30 

CHoCHqCHo  + 

CH3CHBrCH3  -27.3  31 


It  is  important  to  bear  in  mind  what  effect  the  double 
bond  stability  has  on  an  equilibrium  where  the  substituent, 
R,  is  either  allylic  or  vinylic  (equation  32).   Methyl  groups 

CH2=  CHCH2R  =;=^  CH3CH  =CHR  32 

CH2=CHCH2CH3^==i  CH3CH=CHCH3    AH  =  3.1  kcal/mole        33 

are  slightly  stabilizing  towards  the  double  bond  and  they 
prefer  to  be  vinylic  (equation  33).     Since  chlorine 
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and  bromine  destabilize  the  double  bond,  one  would  expect 
allylic  chlorine  or  bromine  to  be  thermodynamically  more 
stable  than  the  vinylic  chlorine  or  bromine.   However, 
experimental  evidence  clearly  shows  that  they  prefer  to 
be  vinylic  (equations  34  and  35).^^   Therefore,  the 
stability  of  the  double  bond  is  only  one  factor  that  is 

CH2=CHCH2Cl^=i  CH3CH=CHC1        AH  =  -2.6  kcal/mole     34 
CH2=CHCH2Br  ;F=i  CH3CH=CHBr        AH  =  -0.7  kcal/mole     35 

involved  in  this  type  of  equilibrium.   Clearly  there  are 
other  factors  that  are  more  important  than  the  double  bond 
stability. 

One  fluorine  has  very  little  effect  upon  the  double 
bond  (equation  36).   In  the  isomerizat ion  of  f luoropropene , 
the  fluorine  ends  up  vinylic,  as  expected  (equation  37). 


CH2=CHF  +  2  CH3CH 


CH3  ^  CH3CH2CH3  + 

CH3CHFCH3 

AAH 

CHF=CHCH3 

AH 

-22.8  kcal/mole   36 
CH2FCH  =  CH2  ?=i  CHF=CHCH3  AH  =  -2.68  kcal/mole   37 

26  27t 

Geminal  fluorines  appear  to  have  a  destabilizing  effect 
upon  the  double  bond  (equation  38).   By  comparison  to 
chloropropene  (equation  34)  and  bromopropene  (equation  35), 
1,1-dif luoropropene  should  be  the  thermodynamically  favored 
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compound.   However,  this  was  not  observed  (equation  39). 
The  major  factor  in  the  equilibrium  is  the  strong  geminal 


CH2=CF2  +  CHgCHg  ^  CHgCH^CH^  + 

CHgCF^CHg      AAH  -  -28.4  kcal/mole   38 
CF2HCH=CK2  =^=^  CF2-CHCH3  AH  =  +2.5  kcal/mole    39 

28  29 


fluorine  stabilization  present  in  3 ,3-dif luoropropene. 
This  effect  predominates,  causing  the  equilibrium  to  be 
shifted  towards  the  allylic  geminal  fluorines. 

From  the  kinetics  of  converting  17  to  18,  an  E   of 
33.0  kcal/mole  was  found.   This  value  is  2.5  kcal/mole 

lower  than  the  E   for  the  rearrangement  of  1 , 1-dideutero- 

36 
1,5-hexadiene.     This  lowering  may  be  attributed  to  an 

increase  in  the  geminal  fluorine  stabilization  in  the 

transition  state,  where  the  hybridization  of  the  difluoro- 

2       3 
methylene  group  is  changed  from  sp   to  sp  . 


CHAPTER  IV 
EXPERIMENTAL 

19 

F  NMR  spectra  were  determined  on  a  XL-100  instrument 

at  94.1  MHz.   Chemical  shifts  are  reported  in  ppm  from 

internal  CFC1„  with  CDClo  as  the  solvent. 

All   H  NMR  spectra  were  determined  at  60  MHz.   18 
was  determined  on  a  JEOL  JNM-PMX.   17  and  19  were  deter- 
mined on  a  Varian  EM360L.   All  other  spectra  were  deter- 
mined on  a  Varian  A-60A.   Chemical  shifts  are  reported  in 
ppm  downfield  from  internal  TMS  with  CDClo  as  the  solvent. 

Infrared  spectra  were  determined  on  a  Perkin-Elmer 
283B  spectrophotometer.   Absorption  bands  are  reported  in 
cm   .   The  spectra  were  determined  from  the  neat  liquid 
between  KCl  plates,  unless  otherwise  stated. 

Mass  spectra  and  exact  masses  were  determined  on  an 
AEI-MS  30  spectrometer  at  70  eV. 

Preparative  glpc  separations  were  accomplished  on  a 
Varian  Aerograph  90-P  using  helium  as  the  carrier  gas 
and  fitted  with  either  column  1  (10'  x  1/4"  10%  ODPN  on 
Chromosorb  P  60/80)  or  column  2  (10'  x  1/4"  10%  DNP  on 
Chromosorb  P  60/80).   Product  ratios  and  kinetic  data  were 
determined  on  a  Hewlett-Packard  5710A  fitted  with  a  flame 
ionization  detector,  gas  injection  system  and  a  Hewlett- 
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Packard  3380S  integrator.   Either  column  3  (7'  x  1/8" 
107-   ODPN  on  Chromosorb  P  60/80)  or  column  4  (10'  x  1/8" 
10%  DNP  on  Chromosorb  P  60/80)  was  used. 

Thermolyses  were  carried  out  in  a  well-conditioned  100 
ml  pyrex  vessel  suspended  in  a  thermostated  molten  salt 
bath. 

3-Fluoro-l  ,5-hexadiene ,  li6 
A  three-necked  flask  was  equipped  with  a  rubber  septum, 

O  Q 

drying  tube,  alcohol  thermometer,  and  2  g  DAST    in  a  5  ml 
dry  methylene  chloride.   The  solution  was  cooled  to  -78°, 
then  1.2  g  of  1 ,5-hexadiene-3-ol( Aldrich)  was  slowly  added. 
After  the  addition  was  complete,  the  reaction  was  allowed 
to  warm  to  room  temperature.   It  was  washed  with  Na^COo/ 
H2O  and  dried  with  MgSO..   16  was  isolated  by  preparative 
glpc  on  column  1  and  0.32  g  of  16,  96%    glpc  pure,  was 
collected  for  a  25/^  yield. 


H(2) 


H(5) 


16 


19 


F  NMR  (figure  1);  ^    177.6  (dtd,  Jpjj^g)  =  48  Hz, 
•^^1(4)  =  21  Hz,  Jj,j^^2)  =  14.5  Hz). 
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""■H  NMR  (figure  2);  6  4.9-6.4  (6H,  m)  ,  4.95  ( IH ,  dq, 

'^HO)?  =    ^^   ^^'    '^H(3)H(4)  ^  ^  ^^'  '^H(3)H(2)  =  ^  ^^^  '  2-45 
(2H,  dt,  J^^^^j,  =  21  Hz,  Jh(4)H(3)  =  ^  ^^ '  '^H(4)H(5)  = 
6  Hz). 

IR  (gas)  (figure  3);  3100  (m) ,  3005  (m) ,  2940  (m) , 

1650  (w),  1430  (w),  1340  (w) ,  995  (s),  930  (s),  735  (m) 

-1 
cm 

Mass    spectriim   gave   M      100.0679   ±   0.00094    (9.4   ppm)  , 

calculated   for   CgHgF:       100.0688,    deviation   =   0.00089    (8.9 

ppm);    m/e    (relative    intensity):       100    (1.0,    99    (3),    85    (22), 

80    (21),    79    (31),    77    (14),    72    (20),    67    (13),    59    (100), 

41    (44). 

Thermolysis  of  16 


Five  millimeters  of  16  was  expanded  into  the  thermoly- 
sis bulb  which  was  maintained  at  160°.   The  progress  of 
the  reaction  was  followed  by  glpc  on  column  3.   All  of  16 
was  consumed  and  two  major  products  were  produced,  along 
with  many  minor  products.   The  two  major  products  were 
isolated  and  identified  by  their   H  NMR  as  1 , 3 , 5-hexatriene 
and  1 ,3-cyclohexadiene . 

1 ,1-Dif luoro-1 ,5-hexadiene ,  17 
17  was  prepared  by  the  method  of  Naae  and  Burton. 
A  100  ml  three-necked  flask  was  equipped  with  a  distilla- 
tion take-off,  constant  pressure  addition  funnel,  and  a 
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thermometer.   Previously,  the  reagents  and  apparatus 
were  dried.   Then  4.2  g  of  pentenal,    10.5  g  of  dibromodi- 
f luoromethane  (PCR),  and  30  ml  of  triglyme  were  placed  in 
the  flask.   In  the  addition  funnel  was  placed  16.3  g  HMPT 
(Aldrich)  in  20  ml  triglyme.   The  reaction  was  cooled  with 
ice  and  the  HMPT  was  added,  keeping  the  temperature 
below  15°.   After  addition  was  complete,  the  reaction  was 
allowed  to  warm  to  room  temperature  and  stirred  for  4  h. 
The  product  was  removed  by  flash  vacuum  distillation. 
The  product  was  purified  by  preparative  glpc  on  column  1 
and  0.56  g  17  was  collected  for  a  9.5%  yield. 


H(3)  /^^ 


17 


^^F  NMR  (figure  4);  <t>    82.8  (IF,  d,  Jp(t)p(^)  =  40  Hz), 
86.2  (IF,  dd,  Jp(^)F(,)  =  40  Hz,  Jp(^)H(2)  =  ^1  Hz). 

H  NMR  (figure  5);  6  5.3-6.2  (IH,  m) ,  4.8-5.3  (2H,  m)  , 

4.1  (IH,  dtd,  Jh(2)F(c)  =  21  Hz,  Jh(2)H(3)  =    «  "^ '  ^^2) 
P(.^)  =  4  Hz),  2.15  (4H,  broad  s). 
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IR  (gas)  (figure  6);  3000  (w) ,  2940  (m) ,  2870  (w) , 
1750  (s),  1645  (w),  1450  (w) ,  1350  (w) ,  1315  (s),  1240  (s), 
1190  (s),  920  (s),  800  (w),  cm""'-. 

Mass  spectrum  gave  M   118.0593  ±  0.00057  (4.8  ppm) , 
calculated  for  CgHgF^ :   118.0594,  deviation  =  0.000077 
(0.65  ppm);  m/e  (relative  intensity):   118  (1.3),  103  (3), 
98  (5),  77  (100),  67  (5),  54  (16),  51  (20),  41  (24),  39 
(21). 


3 ,3-Dif luoro-1 ,5-hexadiene ,  18 
Twenty  millimeters  of  r?  was  expanded  into  a  well- 
conditioned  pyrolysis  bulk  at  245°.   After  30  rain  the  pro- 
ducts were  condensed  into  a  storage  bulb.   Several  runs 
were  combined  and  separated  by  preparative  glpc  on  column 
1.   No  detectable  amount  of  17  remained. 


H(2) 


19 


F  NMR  (figure  7);  4)  97.9  (td,  Jp,H(4)  =  16.2  Hz, 


•^FH(2)  =    ^-^   "2^ 


51 

NMR  (figure  8);  6  5.0-6.5  (6H,  m) ,  2.7  (2H,  td, 

'^H(4)F  =  16-2  Hz,  Jh(4)H(5)  =  ^  "^  > ' 

IR  (gas)  (figure  9);  3100  (m) ,  3000  (w) ,  2940  (w), 
1650  (w),  1425  (s),  1300  (m) ,  1160  (s),  1100  (s),  1040  (m) , 
990  (s),  950  (m),  925  (m)  ,  890  (w)  cm""'-. 

Mass  spectrum  gave  M   118.0577  ±  0.001  (8.7  ppm) , 
calculated  for  CgHgF2 :   118.0594,  deviation  =  0.0017 
(14.6  ppm);  m/e  (relative  intensity):   118  (1.5),  103  (3), 
98  (8),  90  (4),  77  (100),  67  (3),  54  (16),  51  (17),  41  (22), 
39  (15). 

Thermolysis  of  r?  and  18 
Five  millimeters  of  3/7  was  pyrolyzed  at  six  taiiperatures  be- 
tween 194.3°  and  214.6°.   The  reaction  was  followed  by  glpc 
using  column  3.   The  rate  data  and  rate  constants  are 
listed  in  table  1,  along  with  the  resulting  equilibrium 
constants.   In  table  2,  the  results  from  the  Arrhenius 
plot  of  the  rate  constants  are  tabulated.   The  AG  value 
obtained  from  the  equilibrium  constant  at  194.3°  was  omitted 
and  the  remaining  five  AG's  were  averaged  to  yield  a 
^^avg  °"^  ^'-^    -   ^'^   kcal/mole  at  an  average  temperature  of 
206.6°.   The  mass  balance  for  the  reaction  was  99.7%, 
using  pentane  as  an  internal  standard.   The  same  equi- 
librium constant,  within  experimental  error,  was  obtained 
starting  from  either  17  or  18. 
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5,7-Dibromo-7 , 7-dif luoro-l-heptene ,  1^ 
In  a  dry  250  ml  autoclave  was  placed  3.6  g  of  benzoyl 
peroxide,  30  g  of  1 , 5-hexadiene ,  and  115  g  dibromodif luoro- 
methane.   It  was  heated  with  rocking  at  100°  for  6.5 
h.   Distillation  yielded  unreacted  starting  material  and 
29.3  g  of  19,  bp  68-70°,  at  4  mm,  27%  yield. 


Br  ^  ^H(5) 


CF2Br 


19 


-^^F  NMR  (figure  10);  <i>    43.3  (t,  JpH(g)  =  13.6  Hz). 

-■-H  NMR  (figure  11);  5  5.3-6.2  (IH,  m)  ,  4.8-5.3  (2H,  m)  , 

4.2  (IH,  p,  Jh(5)h(4)  =  ^  «-  '^H(5)H(4)  =  ^  Hz),  2.7-3.5 
(2H,  m),  1.7-2.7  ( 4H ,  m). 

IR  (figure  12);  3100  (w) ,  2995  (w) ,  2930  (m) ,  2860 
(w),  1650  (m),  1450  (w) ,  1435  (w) ,  1200  (s),  1100  (s), 
1000  (s),  920  (s),  760  (w)  ,  635  (m)  ,  550  (m)  cm""'". 

Mass  spectrum  gave  M"*"  289.9122  ±  0.00418  (14.4  ppm)  , 
calculated  for  C^H^QF2Br2:   289.9118,  deviation  =  0.00042 
(1.5  ppm);  m/e  (relative  intensity):   294  (0.1),  292  (0.4), 
290  (0.1),  252  (0.4),  251  (0.1),  250  (0.8),  131  (10),  111 
(11),  91  (11),  81  (10),  67  (25),  55  (11),  28  (100). 
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7-Bromo-7 , 7-dif luoro-1 ,5-heptadiene . 
20t  and  20c 

A  three-necked  250  ml  flask  was  equipped  with  an 
addition  funnel  and  a  distillation  take-off  with  a  6- 
inch  vigreux  column.   In  the  flask  was  placed  10  g  of 
potassium  hydroxide  and  16.4  g  19  was  placed  in  the  addi- 
tion funnel.   The  pressure  was  reduced  to  30  mm  and  the 
flask  was  heated  to  120°.   19  was  slowly  added  and  a  mix- 
ture of  19  and  20  was  distilled  out.   Redistillation  of 
the  distillate  yielded  6.8  g  20,  bp^^  55°,  and  4.3  g  19. 
Yield  based  on  amount  of  19  used  was  77.3%,  5%  20c  and 
95%  20t. 


H(5) 


CF2Br 
H(6) 


20t 


H(5) 


H(6) 


20c 


-^^F  NMR  (figure  13);  20c  ^    39.3  ( 2F ,  2m,  J^„,^s  =  13.8 

FH ( 6 ) 

Hz),  20t  <t>    44.6  (2F,  dd ,  J^^^g)  =  9.0  Hz,  Jpj^^^-,  =  1.4  Hz). 

■"-H  NMR  (figure  14);  6  5.3-6.7  (3H,  m)  4.8-5.3  ( 2H ,  m)  , 
2.1-2.5  (4H,  broad  s). 

IR  (figure  15);  3095  (w),  2995  (w) ,  2940  (w),  2860 
(w),  1740  (m),  1730  (m) ,  1675  (m) ,  1650  (m) ,  1450  (w),  1350 
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(w),  1300  (w),  1230  (s),  1190  (w) ,  1090  (m) ,  920  (s), 
735  (m)  cm 

Mass  spectrum  gave  insufficient  parent  ion  for  exact 
mass;  m/e  (relative  intensity):   212  (0.2),  210  (0.2), 
171  (1),  169  (1),  131  (38),  111  (13),  90  (38),  41  (53), 
28  (100). 

7 ,7-Dif luoro-1 ,5-heptadiene 
21c  and  21t 

In  a  25  ml  flask  was  stirred  3.5  g  of  tri-n-butylt in 

41 
hydride    and  2  g  of  20  for  4  h  at  room  temperature.   The 

mixture  was  flash  vacuum  distilled  and  preparative  glpc 

on  column  2  yielded  0.5  g  2^,  for  a  42%  yield.   21  was 

97.7%  glpc  pure  on  column  4,  bp  120-122°,  and  composed 

of  95%  21t  and  5%  21c. 


H(5) 


21t 


H(5)^     H(6) 

CF2H(7) 


21c 


19 


F  NMR  (figure  16);  21t  (J)  110.3  (2F,  2m,  J^„,^.  = 

IH  W  ) 

59.5  Hz),  21c  4)  111.4  ( 2F ,  ddt  ,  J^^^r^^    =    56.0  Hz,  Jpjj(g) 
=  8.2  Hz) . 
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■^H  NMR  (figure  17);  6  5.9  (IH,  td,  J^^j^^    =  59.5  Hz, 
'^H(7)H(6)  "  ^  ^^^  '    5.2-6.4  ( 3H ,  m)  ,  4.8-5.2  ( 2H ,  m)  , 
2.0-2.4  (4H,  broad  s). 

IR  (gas)  (figure  18);  3095  (w) ,  2995  (w) ,  2940  (w) , 
2860  (w),  1680  (m),  1645  (m) ,  1395  (m) ,  1145  (m) ,  1130 
(m),  1020  (s),  970  (m)  ,  915  (m)  cm"-"-. 

Mass  spectrum  gave  insufficient  parent  ion  for  exact 
mass:   m/e  (relative  intensity):   132  (0.3),  131  (0.2), 
117  (1),  104  (5),  97  (3),  91  (4),  81  (69),  72  (14), 
59  (6),  41  (100). 

3-Dif  luoromethyl-1 ,  5-hexadiene  ,  22^ 

21  was  pyrolyzed  at  350°  for  5  minutes,  which  yielded 
an  equilibrium  mixture  of  2^  and  22.   Several  runs  were 
combined  and  separated  by  preparative  glpc  on  column  2. 


H(2) 


CF2H(7) 


H(4 


19 


F   NMR    (figure    19);    <i>    123.5    ( dd ,    Jpjj(7)    =    56.7   Hz, 


'^FHO)    =    ^^'^   ^^^' 
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^H  NMR  (figure  20);  6  5.74  ( IH ,  td,  J^^j^-^   =    56.7  Hz, 
'^H(7)H(3)  "  ^-^  ^^^'  4.7-6.1  (6H,  m)  ,  2.0-3.0  ( 3H ,  m)  . 

IR  (gas)  (figure  21);  3095  (w) ,  2998  (w) ,  2940  (w) , 
1645  (w),  1450  (w),  1425  (w) ,  1380  (m) ,  1140  (m) ,  1090 
(m),  1050  (m),  720  (w)  cm"-*-. 

Mass  spectrum  gave  insufficient  parent  ion  for  exact 
mass:   m/e  (relative  intensity):   131  (0.2),  104  (3),  91 
(3),  81  (80),  77  (6),  72  (16),  53  (11),  51  (12),  41  (100). 

Thermolysis  of  22,  21c,  and  21t 

22  was  pyrolyzed  in  a  well-conditioned  pyrex  vessel 
from  309.9°  to  409.0°.   21c  and  2rt  were  pyrolyzed  at 
409.0°.   The  resulting  equilibrium  mixtures  were  analyzed 
on  column  4.   The  equilibrium  values  are  listed  in  table  3. 
Table  4  contains  the  results  from  the  van ' t  Hoff  plots, 
along  with  the  correlation  coefficient  for  each  plot. 
The  mass  balance  was  97.6%,  using  pentane  as  the  internal 
standard. 

5-Iodo-7,7,7-trifluoro-l-heptene,  23 
In  a  200  ml  tube  was  sealed  14.8  g  of  trif luoromethyl 
iodide  and  6.5  g  of  1 ,5-hexadiene .   It  was  irradiated  in  a 
Rayonet  Photochemical  Reactor.   After  24  h,  the  tube  was 
cooled  in  liquid  nitrogen  and  opened.   Eleven  grams  of  trifluoro- 
methyl  iodide  was  recovered  and  the  remaining  mixture  was 
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vacuum  distilled  to  yield  2^,  bp.  48°.   Based  on  the 
amount  of  trif luoromethyl  iodide  used,  the  yield  was  60%, 


23 


19 
"^F  NMR  (figure  22);  (}>  64.4  (t,  Jp^/g)  =  10.4  Hz). 

•"■H  NMR  (figure  23);  6  5.5-6.2  (IH,  m)  ,  4.9-5.4  (2H, 

m).  4.2  (IH,  p,  Jh(5)H(4)  =  ^   "^ '  '^H(5)H(6)  =  ^  «^^' 
2.5-3.3  (2H,  m)  ,  1.6-2.5  (4H,  m) . 

IR  (figure  24);  3090  (w) ,  2990  (w) ,  2940  (m) ,  2960 
(w),  1650  (m),  1435  (m) ,  1360  (m) ,  1260  (s),  1150  (s),  995 
(w)  ,  920  (m)  ,  580  (w)  cm""*-. 

Mass  spectrum  gave  M"^  277.9788  ±  0.00152  (5.5  ppm)  , 
calculated  for  C-^H^qF^I:   277,9779,  deviation  =  0.0007 
(2.5  ppm);  m/e  (relative  intensity);  278  (3.8),  237  (1), 
151  (59),  131  (29),  123  (11),  41  (100). 


7,7,7-Trif luoro-1 , 5-heptadiene 
24t  and  24c 


In  a  100  ml  flask,  equipped  with  a  6"  vigreux  dis- 
tillation apparatus,  was  placed  2.95  g  23  and  1.5  g  of 
potassium  hydroxide.   These  v/ere  heated  at  120°  for 
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20  minutes.   The  products  were  flash  vacuum  distilled  from 
the  solids.   Preparative  glpc  on  column  2  yielded  0.58  g 
24,  bp  96-97°  and  0.6  g  23.   24  was  14%  24c  and  86/o  24t. 
Overall  purity  was  99.5%  and  yield  based  on  the  amount  of 
23  used  was  47%. 


H(5) 


H(4) 
H(4) 


24t 


H(5) 


H(4) 
H(4) 


H(6) 


24c 


19 


F  NMR  (figure  24);  24c  (p    58.9  (dt,  J 


JfH(4)  =  2.2  Hz),  24t  *  64.6  (2m,  J^^^^^ 


FH(6) 
6.2  Hz) 


3  Hz, 


H  NMR  (figure  26);  5  5.3-6.8  ( 3H ,  m) ,  4.8-5.3  (2H, 
m)  ,  2.1-2.5  (4H,  broad  s) . 

IR  (gas)  (figure  27);  3100  (w),  3000  (w) ,  2950  (m), 
2860  (w),  1690  (m),  1650  (w),  1450  (w) ,  1425  (w) ,  1330 
(m),  1275  (s),  1200  (w)  ,  1125  (s),  980  (m)  ,  920  (s)  cm"-*-. 

Mass  spectrum  gave  M   150.0647  ±  0.00168  (11.2  ppm), 
calculated  for  C^HgF^:  150.0656,  deviation  =  0.00086 
(5.8  ppm);  m/e  (relative  intensity):   150  (0.5),  135  (7), 
130  (4),  115  (5),  81  (27),  77  (8),  41  (98),  28  (100). 


59 


3-Trif luoromethyl-1 , 5-hexadiene ,  ^ 

25  was  made  from  24  by  the  procedure  previously  out- 
lined for  22.   25  was  98.6%  glpc  pure  on  column  4. 


25 


19 


m). 


F  NMR  (figure  28);  4)  71.5  (d,  ^^^(3)  =  8.7  Hz). 
■H  NMR  (figure  29);  6  4.8-6.1  (6H,  m) ,  2.0-3.2  (3H , 


IR  (gas)  (figure  30);  3100  (m) ,  3000  (w) ,  2995  (w) , 


1860  (w),  1650  (m),  1430  (w) ,  1360  (m) ,  1310  (m) ,  1260  (s), 
1190  (s),  1125  (s),  990  (m)  ,  925  (s),  720  (m)  cm""*-. 

Mass  spectrum  gave  M   150.0647  ±  0,0024  (14.9  ppm) , 
calculated  for  C-HgFo  :  150.0656,  deviation  =  0.0009  (6.0 
ppm);  m/e  (relative  intensity):   150  (0.1),  135  (5), 
122  (4),  115  (4),  90  (3),  81  (29),  41  (100). 


Thermolysis  of  24c,  24t ,  and  25 

25  was  pyrolyzed  in  a  well-conditioned  glass  vessel 
from  321.3°  to  408.0°  and  a  mixture  of  24c  and  24t  was 
pyrolyzed  at  408.0°.   The  resulting  equilibrium  mixtures 
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were  analyzed  on  column  4.   The  values  are  listed  in  table 
5.   Table  6  contains  the  results  of  the  van ' t  Hoff  plots, 
along  with  the  correlation  coefficients.   The  mass  balance 
was  96.4%  using  pentane  as  an  internal  standard. 

3-Fluoropropene,  26 

Art 

The  procedure  outlined  by  F.  W.  Hoffman    was  used  to 
synthesize  26.   A  three-necked  500  ml  flask  was  equipped 
with  an  overhead  stirrer,  pressure  equalized  addition 
funnel,  and  distillation  take-off  leading  to  a  dry  ice 
cooled  trap.   In  200  ml  dry  ethylene  glycol,  66  g  of 
potassium  fluoride  was  heated  to  130°-150°.   Seventy  grams 
3-bromopropene  was  added  and  16.5  g  of  26  was  isolated, 
47.5%  yield,  99.9/„  glpc  pure  on  coliimn  2.   26  was  used 
without  further  purification.   The  """^F  NMR,  -"-H  NMR,  and 

IR  spectra  were  identical  to  those  reported  in  the  litera- 

^     44,45 
ture.   ' 

Mass  spectrum  gave  M   60.0390  ±  0.0025  (41  ppm) , 

calculated  for  C  H  F:   60,0375,  deviation  =  0.0015  (25  ppm); 

m/e  (relative  intensity):   60  (56),  59  (100),  58  (3), 

57  (12),  41  (10). 

1-Fluoropropene,  27c  and  27t 
26  was  equilibrated  with  a  catalytic  amount  of  iodine. 
The  equilibrium  mixture  of  26  and  27  was  transferred 
through  a  2"  column  containing  5%  tetraethanepentamine 
on  Chromosorb  60/80  and  condensed  into  a  storage  vessel. 
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Several  runs  were  combined  and  ^  was  isolated  by  prepara- 
tive glpc  on  column  1  at  -20°.   ^  was  99.9%  pure  on 

1         19 
column  2.   The   H  NMR  and   F  NMR  spectra  were  identical 

to  those  reported  in  the  literature. 

IR  (gas)  (figure  31);  3100  (w) ,  2970  (w) ,  1700  (s), 
1680  (s),  1250  (m),  1230  (m) ,  1150  (s),  1130  (s),  1110  (m) , 
1010  (s),  910  (m),  745  (s)  cm"''-. 

Mass  spectrum  gave  M"^  60.0383  ±  0.00097  (16  ppm)  , 
calculated  for  C^H^F:   60.0375,  deviation  =  0.00079  (13 
ppm);  m/e  (relative  intensity):   60  (61),  59  (100),  58 
(5),  57  (17),  39  (17). 


Thermolysis  of  26,  27c  and  27t 
A  glass  storage  bulb  containing  a  few  crystals  of 
iodine  (Mallinckrodt )  was  connected  to  the  vacuum  line 
(maintained  at   110°)  containing  the  pyrolysis  vessel. 
After  degassing  the  iodine,  the  storage  vessel  was  heated 
and  some  iodine  was  expanded  into  the  pyrolysis  vessel, 
which  was  then  closed  off  from  the  vacuum  line.   The 
iodine  remaining  in  the  vacuum  line  was  recondensed  into 
the  storage  bulb.   The  appropriate  amount  of  26  or  27 
was  then  expanded  into  the  pyrolysis  vessel.   Since  the 
vacuum  line  conta.ined  two  well-conditioned  pyrolysis 
vessels,  two  runs  could  be  run  simultaneously.   It  was 
found  that  the  rate  of  propene  formation  varied  from  run 
to  run.   Equilibrium  mixtures  were  evaluated  on  column  3 
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and  the  resulting  data  are  listed  in  table  7.   The  results 
of  the  van't  Hoff  plots  are  listed  in  table  8. 

3 ,3-Dif luoropropene ,  2^ 
A  three-necked  50  ml  flask  was  equipped  with  a  magne- 
tic stirrer,  rubber  septum,  thermometer  and  outlet  pipe 

connected  to  a  dry  ice  cooled  trap.   To  the  flask,  4.2  g 

38 
DAST   was  added  and  cooled  to  0°.   Then  1.5  g  propenal 

was  slowly  added  and  stirred  for  3  h.   The  product,  0.7  g 

28,  was  collected,  98.87o  glpc  pure  on  column  3,  34%  yield. 

1  19 

The   H  NMR  and    F  NMR  matched  data  published  in  the  litera- 

.     44 
ture. 

IR  (gas)  (figure  32);  3110  (w) ,  2975  (m) ,  1900  (w) , 
1680  (w),  1450  (m),  1350  (m) ,  1155  (m) ,  1050-1130  (s), 
950  (m),  740  (w)  cm"-"-. 

Mass  spectrum  gave  M   78.0269  ±  0.0018  (23  ppm) , 
calculated  for  C2H^F2:   78.0281,  deviation  =  0.0012  (15 
ppm);  m/e  (relative  intensity):   78  (51),  77  (100),  76 
(2),  75  (5),  64  (12),  59  (14),  57  (6),  51  (14). 

1 ,1-Dif luoropropene,  2^ 

29  was  made  by  the  method  of  S.  J.  Moss  and  K.  R. 

47 
Jennings.     A  trap  containing  0.84  g  of  trif luoropropane 

was  connected  to  a  stainless  steel  tube  containing  silica 

chips  and  heated  to  700°.   The  other  end  of  the  tube  was 

connected  to  a  potassium  hydroxide  trap,  liquid  nitrogen 

cooled  trap,  and  a  vacuum  source.   The  gas  collected  in 
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the  trap  was  separated  by  preparative  glpc  on  column  1. 

0.05  g  29  was  collected,  7 .b%    yield,  and  99.5%  glpc 

1        19 
pure  on  column  3.   The   H  NMR ,    F  NMR,  and  IR  spectra 

48 
matched  those  published  in  the  literature. 

Mass  spectrum  gave  M   78.02869  ±  0.00217  (28  ppm) ; 

calculated  for  C^^^^:      78.0281,  deviation  =  0.00058  (7  ppm); 

m/e  (relative  intensity):   79  (67),  78  (100),  77  (12), 

76  (17),  59  (27),  58  (4),  52  (52). 


Thermolysis  of  28  and  29 

28  and  2^  were  pyrolyzed  with  a  catalytic  amount  of 
iodine  between  378.3°  and  412.8°.   The  equilibria  were 
analyzed  on  column  3  and  the  results  are  listed  in  table 
9.   The  entropy  and  enthalpy  values  obtained  from  the 
van't  Hoff  plots  are  listed  in  table  10.   The  mass 
balance  was  97%,  measured  by  pressure. 


.        -.Q         APPENDIX  1 
H  NMR,    F  NMR,  AND  IR  OF  RELEVANT  COMPOUNDS 
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APPENDIX  2 
KINETIC  AND  THERMODYNAMIC  DATA 


TABLE  1.   RATE  DATA  FOR  17  ^  18 


Run  Number 


Temperature 

Time  (sec) 

17/18 

194.3° 

3600 

7.31 

6180 

4.78 

9000 

3.43 

12000 

2.83 

15000 

2.20 

18000 

1.77 

21000 

1.46 

25500 

1.14 

oo 

0.00755 

k  -  0.0000227  ±  0.0000004  sec 
corr.  coeff.  =  0.99889 


-1 


Run  Number 


Temperature 

Time  (sec) 

17/18 

198.4° 

3000 

8.98 

6300 

4.15 

9000 

2.81 

15000 

1.54 

18000 

1.22 

21000 

1.01 

24000 

0.828 

oo 

0.00434 

98 


99 


TABLE  1-Continued 

k  =  0.0000326  ±  0.0000002  sec 
corr.  coeff.  =  0.99996 


-1 


Run  Number 


Temperature 

Time  (sec) 

17/18 

202.4° 

2400 

8.48 

3660 

5.16 

5100 

3.82 

6600 

2.74 

7800 

2.36 

10380 

1.68 

12900 

1.27 

15780 

0.971 

oo 

0.00599 

k  =  0.0000443  ±  0.0000004  sec 
corr.  coeff.  =  0.99974 


-1 


Run  Number 


Temperature 
206.8° 


Time  (sec) 

17/18 

2460 

6.23 

3480 

4.25 

4980 

2.92 

6060 

2.30 

6960 

1.98 

8340 

1.59 

10200 

1.22 

100 


TABLE  1-Continued 


Run  Number 


Temperature    Time  (sec) 
12000 


17/18 
0.980 
0.00572 


k  =  0.0000581  ±  0.0000002  sec 
corr.  coeff.  =  0.99993 


-1 


Run  Number 


210.7' 


Time  (sec) 

17/18 

1260 

9.34 

2100 

5.37 

3420 

3.22 

4500 

2.33 

5880 

1.71 

6960 

1.37 

8280 

1.10 

9840 

0.870 

CO 

0.00485 

k  =  0.0000775  ±  0.0000003  sec 
corr.  coeff.  =  0.99997 


-1 


Run  Number 


Temperature    Time  (sec) 
214.6°  1200 

1800 


17/18 

6.96 

4.78 
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TABLE    1-Continued 


Run  Number 


Temperature 

Time  (sec) 

17/18 

3060 

2.59 

4200 

1.83 

5220 

1.38 

6120 

1.14 

7740 

0.816 

8160 

0.768 

00 

0.00410 

k  =  0.0001015  ±  0.0000006  sec 
corr.  coeff.  =  0.99991 
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Temperature 
194.3° 
198.4° 
202.4° 
206.8° 
210.7° 
214.6° 


TABLE  2.   ARRHENIUS  PARAMETERS  FOR  17  ->  18 

corr.  coeff. 


k  (sec   ) 


0.0000227  ±  0.0000004 
0.0000326  ±  0.0000002 
0.0000443  ±  0.0000004 
0.0000581  ±  0.0000002 
0.0000775  ±  0.0000003 
0.0001015  ±  0.0000006 


0.99889 
0.99996 
0.99974 
0.99993 
0.99997 
0.99991 


E   =  33.0  ±  0.7  kcal/mole 
a 


Log  A  =  10.8  ±  0.3  sec 
corr.  coeff.  =  0.999 
AH't  =  32.0  kcal/mole 
AS^  =  -12.2  e.u. 
AG^i  =  37.8  kcal/mole 


-1 
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TABLE  3.   EQUILIBRIUM  CONSTANTS  FOR  22  :;=±  21c  :;=±  21t 


Temperature 

Start. 

Mat 

(10  mm) 

22/21C 

22/21t 

21c/21t 

409.0° 

21c 

and 

21t 

2.18 

0.460 

0.211 

409.0° 

22 

2.19 

0.464 

0.211 

394.8° 

22 

2.21 

0.455 

0.206 

381.8° 

2^ 

2.23 

0.448 

0.201 

370.0° 

22 

2.25 

0.446 

0.198 

356.4° 

22 

2.27 

0.436 

0.192 

345.0° 

2^ 

2.29 

0.433 

0.189 

332.2° 

22 

2.31 

0.427 

0.185 

321.2° 

22 

2.33 

0.424 

0.182 

309.9° 

22 

2.35 

0.418 

0.178 

104 

TABLE  4 .   ENTHALPY  AND  ENTROPY  FOR  22  :^=±  21c  :^=±  21t 

21c  ;;=±:  22 

AH  =  -0.563  ±  0.006  kcal/mole 
AS  =  0.733  ±  0.002  e.u. 
corr,  coeff.  =  0.999 

21t  :;=±  22 

AH  =  0.80  ±  0.04  kcal/mole 
AS  =  -0.36  ±  0.01  e.u. 
corr.  coeff.  =  0.993 

21t  ::;=i  21c 

AH  =  1.37  ±  0.04  kcal/mole 
AS  =  -1.09  ±  0.01  e.u. 
corr.  coeff.  =  0.997 


105 
TABLE  5.   EQUILIBRIUM  CONSTANTS  FOR  25  ;^^  24c  :^=^  24t 


Start 

.  Mat. 

Temperature 

(10 

mm) 

^25/24c 

^24c/24t 

^25/24t 

408.0° 

24c 

and 

24t 

2.26 

0.172 

0.389 

408.0° 

25 

2.28 

0.172 

0.392 

394.4° 

25 

2.34 

0.168 

0.393 

380.9° 

25 

2.42 

0.161 

0.390 

368.7° 

25 

2.47 

0.157 

0.388 

356.3° 

25 

2.49 

0.154 

0.383 

344.6° 

25 

2.55 

0.152 

0.387 

332.5° 

25 

2.61 

0.147 

0.384 

321.3° 

25 

2.70 

0.144 

0.384 

106 
TABLE  6 .   ENTHALPY  AND  ENTROPY  FOR  25  :p=^  24c  :^=i  24t 

24c  ^ "  25 

AH  =  -1.47  ±  0.07  kcal/mole 
AS  =  -0.51  ±  0.02  e.u. 
corr.  coeff.  =  0.993 

24t  -: — "  25 

AH  =  0.23  ±  0.05  kcal/mole 
AS  =  -1.52  ±  0.02  e.u. 
corr.  coeff.  =  0.877 

24t  T 24c 

AH  =  1.63  ±  0.08  kcal/mole 
AS  =  -1.12  ±  0.02  e.u. 
corr.  coeff.  =  0.992 
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TABLE  7.   EQUILIBRIUM  CONSTANTS  FOR  27c  :^=^  27t  ;^=±  26 


Temperature 

Start. 

Mat. 

^27c/27t 

^27c/26 

^27t/26 

312°^ 

90 

mm 

26 

1.92 

10.2 

5.29 

110 

mm 

26 

1.91 

9.06 

4.74 

100 

mm 

26 

1.92 

8.83 

4.60 

65 

mm 

26 

1.91 

9.28 

4.86 

343.9° 

110 

mm 

26 

1.95 

7.53 

3.85 

105 

mm 

26 

1.96 

7.65 

3.91 

90 

mm 

26 

1.95 

7.43 

3.82 

130 

mm 

26 

1.94 

7.56 

3.89 

356.0° 

110 

mm 

26 

1.97 

7.29 

3.68 

90 

mm 

26 

1.97 

7.23 

3.65 

110 

mm 

26 

1.96 

7.15 

3.69 

90 

mm 

26 

1.94 

7.18 

3.69 

380.5°^ 

1.90 

6.51 

3.43 

398.0°^ 

1.90 

6.10 

3.21 

415.0°^ 

1.85 

5.66 

3.07 

430.3° 

110 

mm 

26 

1.84 

5.44 

2.98 

110 

mm 

27 

1.83 

5.45 

2.96 

85 

mm 

27 

1.85 

5.49 

2.97 

Data  obtained  at  this  temperature  was  not  used  in  the 
van't  Hoff  plots. 

Average  of  two  runs  per  temperature. 
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TABLE  8 .   ENTHALPY  AND  ENTROPY  FOR  27c  :;=;  27t  :;=:±  26 

27t  z — "  27c 

AH  =  -0.64  ±  0.09  kcal/mole 
AS  =  0.30  ±  0.03  e.u. 
corr.  coeff.  =  0.963 

26  7 — "  27c 

AH  =  -3.34  ±  0.07  kcal/mole 
AS  -  -1.39  ±  0.02  e.u. 
corr.  coeff.  =  0.9991 

26  -; 27t 

AH  =  -2.68  ±  0.07  kcal/mole 
AS  =  -1.70  ±  0.02  e.u. 
corr.  coeff.  =  0.9988 
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TABLE  9.   EQUILIBRIUM  CONSTANTS  FOR  29  :;=±;  28 

Temperature  Start.  Mat.          ^28/29 

412.8°  40  mm  28              5.35 

412.8°  60  mm  28              5.42 

412.5°  50  mm  29              5.34 

412.5°  40  mm  28              5.38 

412.5°  60  mm  28             5.38 

405.5°  a  5.48 

399.0°  a  5.60 

391.5°  a  5.68 

384.8°  a  5.79 

378.3°  a  5.96 

a.   Average  of  two  runs. 
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TABLE  10.   ENTHALPY  AND  ENTROPY  FOR  29- — "  28 

29  T ^  28 

AH  =  -2.5  ±  0.1  kcal/mole 
AS  =  -0.38  ±  0.04  e.u. 
corr.  coeff.  =  0.9948 
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